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Aim. To investigate the possibility of human cultured cells to incorporate isolated mitochondria together with
exogenous DNA introduced into organelles.Methods. Two approaches were used for this purpose, fluorescent
labelling of mitochondria and/or DNA with subsequent analysis of the cells subjected to incubation by mic-
roscopy or by quantitative PCR.Results. We have shown that human cultured cells lines, HeLa and HUVEC, are
capable to uptake isolated plant mitochondria and that this process depends on the incubation time and
concentration of organelles present in medium. The incorporated mitochondria can serve as vehicles to deliver
exogenous DNA into human cells, this DNA is then distributed in different cell compartments. Conclusions.
These results are preliminary and need further investigations, including testing the possibility of human cells to
incorporate the mitochondria of human or animal origin and creating genetic construction which could provide
certain selectivity or stability of the transferred exogenous DNA upon cell uptake of the mitochondria as vectors.
Keywords: human cultured cells, DNA-loaded mitochondria, xenotransplantation.
Introduction. The reason of high distribution of so-cal-
led human «mitochondrial diseases» is the presence of
numerous structural and functional gene disturbances
in the mitochondrial genome. To cure these diseases,
some new molecular and cellular technological approa-
ches are necessary.
As it was shown previously, plant, yeast and mam-
malian mitochondria possess a mechanism of natural
competence for DNA uptake [1–4]. Those organelles
might be used as potential vehicles for cell transfor-
mation in vivo in order to study mechanisms of hori-
zontal gene transfer and to develop new biomedical tech-
nological approaches for gene therapy of human mito-
chondrial diseases.
Material and methods. Mitochondria were isola-
ted from potato tubers (Solanum tuberosum), and the
import conditions were performed as it was previously
described [1, 5].
MitoTracker Orange CMTMRos (500 nM) and
Hoechst 33342 (0.1 g/ml) were used respectively to la-
bel fluorescently the isolated potato mitochondria and
the mitochondrial DNA.
To investigate the transport of mitochondria into eu-
karyotic cells, we used cultured cell lines of human ade-
nocarcinoma (HeLa), primary fibroblasts (GF) and hu-
man umbilical vein cells (HUVEC). Cells were cultiva-
ted in IM medium, containing 10 % FBS and antibiotics,
at 37 °Ñ and 5 % CO2. Cells were incubated with mito-
chondria in growth medium without serum for different
periods of time, then washed twice in the same medium
and additionally incubated in IM with 10 % FBS.
To estimate the efficiency of mitochondrial incor-
poration, cell probes were analysed by live-cell ima-
ging using fluorescent microscopy with the help of Axio-
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vert 200M («Carl Zeiss», Germany) inverted microsco-
py device. Images obtained by Axiocam Mrm CCD ca-
mera were analysed with AxioVision 4.8 software. To
estimate the efficiency of exogenous DNA uptake by
mitochondria, we used the method of quantitative PCR.
Oligonucleotide and fluorescent sequences used in PCR
are listed in the Table 1.
Results and discussion. Effectiveness of mitochond-
rial uptake by cultured human cells depends on incuba-
tion time and mitochondrial concentration. To optimize
the conditions for cultured human cells to uptake the
fluorescently labelled mitochondria, we incubated the
isolated potato mitochondria with HeLa cells or pri-
mary fibroblasts either for different periods of time (Fig.
1, see inset) or at various organelle concentration in the
incubation media (Fig. 2, see inset).
The concentration of mitochondrial suspension used
for the incubation in the time course assay was 9 g/ml.
The time of cell incubation with mitochondria is indica-
ted (Fig. 1, see inset). The intracellular space is visuali-
zed by cell staining in 0.6 Ì Calcein-AM.
For both tested cell lines, we observed evident pas-
sing of the labeled mitochondria through the cell memb-
ranes, which was visualized by appearance of stained or-
ganelles in the cytosol. At all time points, nucleolus be-
came also stained. The fluorescence intensity for Mito-
Tracker dye achieved its maximum by an hour of incu-
bation. Within time, the spectrum of fluorescent distri-
bution altered with appearance of numerous granules.
We tested also the dependence of mitochondrial in-
corporation by cultured cells on organelle concentra-
tion present in the medium of incubation (Fig. 2, see in-
set). The optimal concentration of mitochondrial pro-
tein in incubation medium was 4.5 g/ml. The time of
incubation was 60 min.
Using of quantitative PCR to analyse isolated mito-
chondria uptake by cultured cells HeLa and HUVEC.
To analyze the efficiency of mitochondrial translocation
into cellular space, we tested also the possibility to use
the method of quantitative PCR (TaqMan). Sequences
of the mitochondrial gene cox2 served as amplification
primers (Table 1). In order to estimate which cellular
compartment would become the preferred target for the
mitochondrial DNA uptake, we tested both nuclear and
membrane-cytosol fractions of the cellular extract, ta-
ken after cell incubation with organelles.
The results of quantitative PCR showed that in case of
mitochondrial incubation with HeLa cells mitochond-
rial DNA goes mostly into the nuclear fraction, where-
as in case of organelle incubation with HUVEC cells
mitochondrial DNA is associated mainly with the memb-
rane-cytosol fraction. In case of both cell lines, the effi-
ciency of mitochondrial DNA incorporation into cells
correlates directly with the mitochondrial concentra-
tion present in the incubation medium (Fig. 3).
By quantitative PCR, we analyzed the possibility of
cultured cells to uptake exogenous DNA mediated by
mitochondria transfer. 2,3PrGFP DNA-fragment (3 kb)
Gene Nucleotide sequence
cox2 Reverse 5'-AGCCTGCAATGTCCGATAAC-3'
Forward 5'-ACCATTCCGAAGGTTACTG-3'
Probe
FAM~5'-TGGTATACAACTTTGGACCTAACAGCCGGC-3'~FQ
gfp Reverse 5'-CGGGGCATGGCACTCTTGA-3'
Forward 5'- CTGTTCCTTGGCCACACT-3'
Probe Cy5~5'-TGTTCAATGCTTTTCAAGATACCCAGA-3'~BHQ2
-Actin Reverse 5'-AGACAAAACACAGAAAAAGAGC-3'
Forward 5'- CGTTTTCCGTAGGACTC-3'
Probe TAMRA~5'-TCTGCAGGTTCTAATTTGCTTTTTCCCA-3'~BHQ2
Table 1
Nucleotide sequences of primers and fluorescent probe
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amplified from the 2,3PL/GFP plasmid was used for
DNA import assay with mitochondria isolated from po-
tato tubers. The import (DNA taken at 25 ng/ml concen-
tration) was run in standard conditions (described in [1,
5]) for 40 min, followed by DNase treatment. After im-
port had been over, the mitochondria were incubated
with HeLa cells, time of incubation was 2 h. We analy-
zed the nuclear and membrane-cytosolic cell fractions
both for DNA delivery and stability. In later case, after
incubation with mitochondria, cells were washed and
subjected to further incubation for indicated periods of
time. The transfer of internal mitochondrial gene cox2
to the membrane-cytosolic fraction was more effective
when the mitochondria concentration in assay was in-
creased.
Though the absolute amount of gfp in this cell frac-
tion was low, its relevant amount compared to control
(background amplification) was at similar rate, 37-fold
increasing for cox2 and 23-fold – for gfp (Table 2). The
stability of the mitochondrial genetic material, both in-
ternal and exogenous, inside cells was however low and
tended to degrade with time (Table 2).
Fluorescently labeled DNA (10 ng, by Hoechst
33258) was also used for import into isolated potato mi-
tochondria with subsequent incubation of treated orga-
nelles with cultured cells. The protein concentration in
these assays was 1.8 mg/ml. As it was shown on Fig. 4
(see inset) some granular structures were observed in
cytosol. Cells with nuclei stained by Hoechst 33342
were used as a control (Fig. 4, see inset).
As a control for specific mitochondrial incorpora-
tion, cells were incubated with the maximal amount
(100 ng) of the labelled DNA. The DNA delivery into
cells mediated by mitochondria was 3-fold greater com-
Amount of purified potato mito-
chondria used per assay,  g/ml
Amount of DNA, ng/1000 cells
Nuclear fraction Membrane-cytosolic fraction
cox2 gfp cox2 gfp
Control cells (0) 0.98 4.96 20.91 1.79
0.9 6.31 28.29 255.81 25.37
9 4.29 26.04 781.06 41.56
Post-incubation time, h
1.8 – 0 1.67 12.29 104.59 14.95
1.8 – 24 4.13 11.73 53.18 9.53
1,8 – 72 6.24 14.91 152.78 1.76
Table 2
Analysis of mitochondrial (cox2) and exogenous (gfp) DNA presence in cell extracts after mitochondria uptake by HeLa cells
Amount of purified potato mitochondria used per assay, microgram protein/ml
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Fig. 3. Evaluation of mitochondrial uptake by HeLa (a) and HUVEC (b) cell cultures by quantitative PCR analysis of cox2: 1 – nuclear fraction; 2 –
membrane-cytosolic fraction
pared to mock-treatment of cells with the fluorescent
DNA alone (Fig. 4, see inset).
Conclusions. 1. Two methods could be used to ana-
lyse the efficiency of exogenous DNA uptake by cultu-
red cells via mitochondrial delivery – fluorescent label-
ling of DNA and quantitative PCR.
2. Potato tuber mitochondria uptake by human cul-
tured cells (HeLa, HUVEC, primary fibroblasts) was
shown by fluorescent labelling and microscopy visuali-
zation. Fluorescently labelled mitochondria incorpora-
tion by human cultured cells depends on time of cell’s
incubation with mitochondria (1–2 h) and on mitochond-
rial protein concentration (1,8–9 g/ml).
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Êë³òèíè ëþäèíè â êóëüòóð³ çäàòí³ ïîãëèíàòè ðîñëèíí³
ì³òîõîíäð³¿, íàâàíòàæåí³ åêçîãåííîþ ÄÍÊ
Ðåçþìå
Ìåòà. Âèâ÷åííÿ ìîæëèâîñò³ ïîãëèíàííÿ êë³òèíàìè ë³í³é HeLa ³
HUVEC ³çîëüîâàíèõ êë³òèííèõ ì³òîõîíäð³é, ïîïåðåäíüî íàâàí-
òàæåíèõ ÷óæîð³äíîþ ÄÍÊ.Ìåòîäè. Âèêîðèñòàíî äâà ìåòîäè÷-
íèõ ï³äõîäè: ôëóîðåñöåíòíå ì³÷åííÿ ì³òîõîíäð³é ³/àáî ìòÄÍÊòà
ê³ëüê³ñíèé ÏËÐ-àíàë³ç ÄÍÊ ³íêóáîâàíèõ ç ì³òîõîíäð³ÿìè êë³-
òèí. Ðåçóëüòàòè. Ïðîäåìîíñòðîâàíî, ùî êë³òèíè ëþäèíè ë³í³é
HeLa ³ HUVEC çäàòí³ ïîãëèíàòè ³çîëüîâàí³ ðîñëèíí³ ì³òîõîíäð³¿,
³ öåé ïðîöåñ çàëåæèòü â³ä ÷àñó ³íêóáàö³¿ ³ êîíöåíòðàö³¿ îðãàíåë ó
ñåðåäîâèù³. Ì³òîõîíäð³¿, òàêèì ÷èíîì, ìîæóòü ñëóãóâàòè âåê-
òîðíîþ ñèñòåìîþ äëÿ äîñòàâêè ÷óæîð³äíî¿ ÄÍÊ ó êë³òèíè ëþ-
äèíè. ÄÍÊ, ÿêà òðàíñïîðòóºòüñÿ ì³òîõîíäð³ÿìè, ðîçïîä³ëÿºòü-
ñÿ ó ð³çíèõ êë³òèííèõ êîìïàðòìåíòàõ. Âèñíîâêè. Îòðèìàí³ ðå-
çóëüòàòè ìàþòü ïîïåðåäí³é õàðàêòåð ³ äîçâîëÿþòü ïî÷àòè ïå-
ðåâ³ðêó ìîæëèâîñò³ ïîãëèíàííÿ êë³òèíàìè ëþäèíè ì³òîõîíäð³é
òâàðèííîãî ïîõîäæåííÿ (ó òîìó ÷èñë³ ì³òîõîíäð³é ëþäèíè) òà
ñòâîðåííÿ ãåíåòè÷íèõ êîíñòðóêö³é, ÿê³ ì³ñòÿòü ñåëåêòèâíèé ãåí
³ çàáåçïå÷óþòü ñòàá³ëüíå ï³äòðèìàííÿ òðàíñïîðòîâàíî¿ ì³òî-
õîíäð³ÿìè åêçîãåííî¿ ÄÍÊ ï³ñëÿ ïîãëèíàííÿ ¿õ êë³òèíàìè.
Êëþ÷îâ³ ñëîâà: êë³òèíè ëþäèíè â êóëüòóð³, íàâàíòàæåí³ ÄÍÊ
ì³òîõîíäð³¿, êñåíîòðàíñïëàíòàö³ÿ.
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Êëåòêè ÷åëîâåêà â êóëüòóðå ñïîñîáíû ïîãëîùàòü íàãðóæåííûå
ýêçîãåííîé ÄÍÊ ðàñòèòåëüíûå ìèòîõîíäðèè
Ðåçþìå
Öåëü. Èçó÷åíèå âîçìîæíîñòè ïîãëîùåíèÿ êëåòêàìè ëèíèé HeLa
è HUVEC èçîëèðîâàííûõ ðàñòèòåëüíûõ ìèòîõîíäðèé, ïðåäâàðè-
òåëüíî íàãðóæåííûõ ÷óæåðîäíîé ÄÍÊ. Ìåòîäû. Èñïîëüçîâàíû
äâà ìåòîäè÷åñêèõ ïîäõîäà: ôëóîðåñöåíòíîå ìå÷åíèå ìèòîõîíä-
ðèé è/èëè ìòÄÍÊ è êîëè÷åñòâåííûé ÏÖÐ-àíàëèç ÄÍÊ èíêóáèðî-
âàííûõ ñ ìèòîõîíäðèÿìè êëåòîê. Ðåçóëüòàòû. Ïðîäåìîíñòðè-
ðîâàíî, ÷òî êëåòêè ÷åëîâåêà ëèíèé HeLa è HUVEC ñïîñîáíû ïî-
ãëîùàòü èçîëèðîâàííûå ðàñòèòåëüíûå ìèòîõîíäðèè, è ýòîò
ïðîöåññ çàâèñèò îò âðåìåíè èíêóáàöèè è êîíöåíòðàöèè îðãàíåëë
â ñðåäå. Ìèòîõîíäðèè, òàêèì îáðàçîì, ìîãóò ñëóæèòü âåêòîð-
íîé ñèñòåìîé äëÿ äîñòàâêè ÷óæåðîäíîé ÄÍÊ â êëåòêè ÷åëîâåêà.
Òðàíñïîðòèðóåìàÿ ìèòîõîíäðèÿìè ÄÍÊ ðàñïðåäåëÿåòñÿ â ðàç-
ëè÷íûõ êëåòî÷íûõ êîìïàðòìåíòàõ. Âûâîäû. Ïîëó÷åííûå ðåçóëü-
òàòû èìåþò ïðåäâàðèòåëüíûé õàðàêòåð è ïîçâîëÿþò ïðèñòó-
ïèòü ê ïðîâåðêå âîçìîæíîñòè ïîãëîùåíèÿ êëåòêàìè ÷åëîâåêà ìè-
òîõîíäðèé æèâîòíîãî ïðîèñõîæäåíèÿ (â òîì ÷èñëå ìèòîõîíä-
ðèé ÷åëîâåêà) è ñîçäàíèþ ãåíåòè÷åñêèõ êîíñòðóêöèé, âêëþ÷àþ-
ùèõ ñåëåêòèâíûé ãåí è îáåñïå÷èâàþùèõ ñòàáèëüíîå ïîääåðæà-
íèå òðàíñïîðòèðóåìîé ìèòîõîíäðèÿìè ýêçîãåííîé ÄÍÊ ïîñëå èõ
ïîãëîùåíèÿ êëåòêàìè.
Êëþ÷åâûå ñëîâà: êëåòêè ÷åëîâåêà â êóëüòóðå, íàãðóæåííûå
ÄÍÊ ìèòîõîíäðèè, êñåíîòðàíñïëàíòàöèÿ.
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